Incentives drive goal-directed behavior; however, how they impact the formation and stabilization of goal-relevant hippocampal maps remains unknown.
INTRODUCTION
It is a well-accepted notion that the collective activity of hippocampal place cells is part of an internal representation of space, or a cognitive map [1] , alluding to the term coined by Tolman [2] for an internal model of the connections between different stimuli, actions, and their outcomes, enabling goal-directed planning. In rodents, hippocampal neurons fire in a location-specific manner [1, 3] , depending on various external and internal cues [4] [5] [6] [7] , contextual information [8] , and task demands [9] . Accordingly, changes in the environment cause changes in representation, or remapping [3, 6, 10] . If animals indeed use hippocampal spatial representation as an internal model for goal-directed behavior, it follows that a given representation should preserve the connections that are relevant for goal attainment. This is supported by findings of rapid switching between place cell representations to best accommodate behavior, even within a single run [11] . Thus, in the event that the environment offers a reliable rule by which to obtain reinforcement, learning that rule should result in a hippocampal map that is consistent with environmental changes that predict goal location and indifferent to irrelevant ones. Indeed, conditions that impact goal-directed behavior in tasks involving spatial memory are expected to induce neuronal remapping [12] [13] [14] [15] [16] . Consistent with this notion, the disruption of hippocampal maps by displacement of environmental cues has been shown to be associated with altered performance in navigation tasks ( [17, 18] but see [19] ). It has previously been shown that spatial coding is both more stable and reliable only when it is relevant to reward collection [20] [21] [22] , suggesting that purposeful behavior affects hippocampal place cell activity. However, a causal link has not been established.
Several lines of evidence demonstrate that reward-related information affects hippocampal representations. Subsets of hippocampal cells specifically fire at goal locations [12, [23] [24] [25] . Moreover, destinations are encoded in place cells at choice points [26] , and paths toward goals, including novel ones, are preferentially represented by fast sequences of place cell firing [27, 28] . Nevertheless, it is unknown how the learning of the relevance of particular cues to goal-directed behavior is translated into an appropriate spatial representation in hippocampal place cells. Furthermore, the neural mechanism by which alterations of goal-related information are incorporated to update place cell mapping remains unexplored.
A natural candidate for mediating the effect of goal-related information on hippocampal mapping is the ventral tegmental area (VTA), a midbrain nucleus containing dopaminergic neurons, which is commonly implicated in reinforcement learning [29, 30] . Dopaminergic neurons within the VTA project to the hippocampus [31] [32] [33] , where all dopamine receptor types are expressed [34] . Recent studies demonstrated the impact of this projection path on synaptic responses in the CA1 [33] , as well as on reactivation of place cell sequences and spatial learning [32] . There is abundant evidence that hippocampal dopamine receptors control synaptic transmission [33] and contribute to long-term potentiation [35, 36] . Finally, local injections of dopaminergic agonists [37] and antagonists [38] , respectively, aid or impair spatial learning, as does inactivation of the VTA [39] , suggesting that dopamine contributes to the stabilization of place fields, thereby aiding spatial memory [22] .
We hypothesized that dopamine (DA) input to the hippocampus serves to mold the formation and updating of cognitive maps to represent adaptive reward-relevant dimensions of the sensory inputs. In the present study, we recorded place cells' activity in rats locally infused with SCH23390 (D 1/5 receptor [D 1/5 R] antagonist) in response to the manipulation of spatial cues in a rule-learning spatial task ( Figures 1A and 1C) . In our paradigm, we followed the representation of CA1 place cells through initial learning of a spatial rule, which required one form of a map, followed by an extra-dimensional rule shift, which required a different map and tested the dependence of this shift on D 1/5 receptors. We predicted that locally blocking D 1 at the time of rule-learning would prevent the reorientation of place cells to represent the environment in a goal-relevant manner and would, therefore, impair the learning of correct goal-directed behavior.
RESULTS
Pre-manipulation Learning of a Distal Reward Rule Rats (n = 28) were initially trained to find liquid reward in a multi-well arena by following a distal spatial rule. The arena layout and rules are depicted in Figure 1C and described in detail in the STAR Methods. Briefly, rats were placed in a pseudo-randomly selected position at the perimeter of a circular arena, equipped with 100 wells and marked with clear distal (extra-maze) and proximal (intra-maze) cues. On each trial, one of the wells was baited with 0.3 mL water reward, and the rats were allowed 3 min to locate it. After each trial, the arena was rotated, and a well was re-baited according to the distal spatial rule, in which the baited well remained at a constant position relative to the distal cues. Each training day consisted of 10 trials. Figure 2A shows the average learning curve of the rats that were initially trained on the distal rule. The rats learned the task within 3-5 days. They exhibited a significant improvement in their latency to reach the reward across training days (repeated-measure ANOVA F (4, 108) = 72.05, p < 0.0001). Tukey's honest significance test (HSD) post hoc analysis confirmed a significant improvement between the first and second day of learning (p < 0.001), after which the animals reached a plateau in their latencies starting from the third day and onward. Consistent with this observation, on the first day of learning, the rats spent an average of 26.51% ± 1.70% of the search time in the rewarded quadrant (not significantly [N.S.] different from the 25% chance level, one sample t test, t (27) = 0.99; Figure 2B ). Starting from the second day of learning and onward, rats increased the amount of time spent in the rewarded quadrant significantly (p < 0.001 in all days). As Figure 2C demonstrates, this improved performance was also evident in the paths the animal performed to reach the reward, shifting from exploration to directed search (see also Figure S1C ).
Activation of D 1 Receptors in the Dorsal CA1 Is Necessary to Acquire a New Spatial Rule After 5 days of training, the reward rule was shifted, and 25/28 of the rats that had learned to locate the reward according to the distal rule were introduced to the proximal rule. In this rule, the baited well was located at a constant position in relation to the proximal cues. We assigned these rats randomly into two groups. One group (n = 13) received daily local infusions of the D 1/5 receptor antagonist SCH23390 (0.5 mL, 5 mg/mL) into the dorsal CA1, and the other group (n = 12) received saline infusions. The performance of the animals is depicted in Figure 2A . Differences in the acquisition of each rule were analyzed using a twoway mixed-model ANOVA, with drug as the between-group factor and training days as the within-group factor. Latencies to reward prior to the shift were similar between the two groups (F (4,103) = 1.13, p = 0.35). Conversely, after the shift, main effects were observed for training day (F (4, 0 . By contrast, rats infused with the D 1 R antagonist were slower in reaching the reward throughout this stage of the experiment, although they did improve across days (repeated-measure one-way ANOVA: F (4,48) = 6.73, p < 0.01). Not only did the D 1 R antagonist rats never reach the latencies of the sham group, they were also slower in acquiring the new rule: significant improvement was only observed on day 4 0 (p < 0.05). The difference in latencies to reach reward between the groups in the new rule was accompanied by a significant difference in the overall rate of success in reaching the rewarded well within the afforded 3 min. Whereas saline vehicle rats always found the reward, starting from the first day of the rule shift, D 1 R antagonist-infused rats reached 100% of success only on day 3
0 (see Figure S1A ). Although the D 1 antagonist-infused rats displayed longer latencies on all days, it is important to note that this was not due to a motor deficit or to lack of motivation but rather to a learning deficit. This is evident by the observation that, on the first trial of the rule shift, animals of both groups showed similar latencies to reach the well that would have contained the reward under the old rule (p = 0.99; Figure 2D ).
To further study the improvement in performance, we defined a 90-degree slice surrounding the well containing the reward as the new rule (NR) quadrant (see Figure 1C) . We measured the time spent in the new rule quadrant (prior to finding reward), and we compared it to 25% of total time spent in the maze. Already on the first day of the rule shift, saline-infused rats spent significantly larger amounts of time in the new rule quadrant, compared to chance level (gray lines in Figure 2E ; one sample t test, p < 0.01 for day 1 0 ). In contrast, the time that the SCH23390-infused rats spent in the new rule quadrant was slower to increase, showing higher-than-chance levels only from day 2 0 and onward (light blue line in Figure 2E ; p < 0.05). Accordingly, significant differences were found between the two groups of rats when comparing the time spent in the postshift rule-appropriate quadrant (F (1,23) = 3.92, p < 0.05). Specifically, on the first and second days of rule shift and infusion, control rats spent more time in the new rule quadrant than the infused rats (p < 0.05 on both days).
Blocking D 1/5 Receptors in the CA1 Causes Perseveration to the Previous Rule In addition to the analysis of new rule acquisition between groups, we also investigated the behavioral differences in perseveration to the old rule. To do this, we defined the old rule (OR) quadrant as the 90-degree slice surrounding the old rule well (see also Figure 1C ). We then measured the time spent in the old rule quadrant (prior to finding the reward) and compared it to chance level. Saline-infused rats spent 35.02% ± 2.5% of their time in the old rule quadrant on day 1 0 (p < 0.001; Figure 2E ). On days 3 0 , 4 0 , and 5 0 they spent significantly less time in the old rule quadrant (p < 0.001 on all days). In contrast, rats infused with SCH23390 perseverated, continuing to search the old rule quadrant on the first and second days of rule shift (p < 0.001). These rats only returned to chance level on days 3 0 and 4 0 , and they showed a significant (yet small) decrease in time spent in the old rule quadrant only on day 5 0 (p < 0.05).
Direct comparisons of perseveration between the two groups showed a significant difference (F(1,23) = 98.34, p < 0.0001), where SCH23390 rats spent more time in the old rule quadrant than control rats (63.75% ± 4.01% and 35.02% ± 2.49% on day 1 0 , for the SCH23390 and sham rats, respectively). Perseveration to the old rule was also examined by comparing the paths the rats followed on their way to finding the baited well. Figure 2F depicts the fraction of trials on each day in which the animals first visited the old rule well (ORW) prior to proceeding to the correct one. On the first two days following the rule shift and infusion, saline-infused rats first approached the ORW on 40% and 15.83% of the trials, respectively, and they ceased this behavior by day 3 0 . In contrast, SCH23990-infused rats targeted the ORW on all days except the last.
To examine whether, independent of new rule acquisition, the rats displayed a bias toward the irrelevant rule, we tested the fraction of time spent in old rule, of all the time spent outside new rule, before reaching reward (see the STAR Methods and Figure S1B ). While control rats displayed a bias to the old rule quadrant only in the first two days, the antagonist-infused rats continued to demonstrate this bias throughout the experiment (see Figure S1B ).
To verify that the observed behavioral differences reflected a deficit in learning a new spatial rule and was not specific to the use of proximal cues, we performed the reverse experiment with a separate group of rats (n = 8). These animals were initially trained on the proximal configuration and were shifted to the distal rule ( Figure S1D ). This group of rats also exhibited improved performances on the initial training on day 2 and a plateau effect from day 3 ( Figure S1E ; days 1-5, F(4,28) = 17.31, p < 0.0001), displaying increases of time spent in new rule ( Figure S1F ) and corresponding shifts toward a directed trajectory ( Figure S1G ). However, although the drug-infused group did not exhibit motor or motivational impairments ( Figure S1H ), whereas saline-infused rats (n = 3) rapidly acquired the new (distal) rule, the D 1 R antagonist group (n = 5) displayed a deficit in acquisition of the new rule ( Figure S1E ) (repeated-measure [RM] two-way ANOVA, Sidak's post hoc, F(4,24) = 3.57, p < 0.01; t(30) = 2.57, p < 0.05 on day 5 0 ), and these rats showed perseveration on all days (Figures S1I and S1J).
CA1 Place Cells Are Dynamically Recruited to Encode Space in Rule-Relevant Coordinates
We recorded single-unit activity in the dorsal CA1 of rats performing the distal-to-proximal version of rule shift. During acquisition of the first (distal) rule, 516 neurons were classified as place cells (see the STAR Methods for inclusion criteria) and were subjected to further analysis. Figure S4 provides descriptive characteristics of these cells. Of these, 71.4% had definable place fields in all recorded trials (see example trajectories and rate maps in Figure 3 ). These cells remained stable throughout training in their mean firing rate, peak firing rates, and place field size ( Figure S4 ). However, as the animals improved their performance, the spatial information content in their firing steadily increased ( Figure 4A ; Kruskall-Wallis test, H (4) = 46.92, p < 0.001).
To analyze the spatial representation of the recorded neurons, we computed for each cell in each trial its place field angle by expressing the position of the center of mass of the place field in polar coordinates with respect to the center of the arena. Subsequently, the recorded neurons were classified according to the reference frame they encoded best, by performing a Rayleigh z test of directionality of the place field angles in two configurations: adjusted to maze rotation and non-adjusted to maze rotation (see the STAR Methods and Figure 3 As hypothesized, this distribution did not remain stable during learning but rather displayed a systematic shift as animals improved in their performance ( Figure 4B ; compared to the distribution on day 1 0 , the distributions on days 2 0 -5 0 were significantly different in all days c To assess the role of local dopamine in the CA1 in the recruitment of cells to represent the rule-relevant dimension, we developed a chronically implanted micro-drive that enables movement of tetrodes coupled to an injection cannula, through which we infused the D 1/5 receptor antagonist or the saline vehicle solution. When a slow infusion rate of 0.05 mL/min was applied, as described in [40] , the drug effects were extremely consistent, and the loss of recorded neurons was minimal, enabling us to record cells both before and after infusion ( Figure S3) .
Overall, a similar fraction of neurons in saline-and SCH23390-infused animals had definable place fields (control = 75.8%; SCH23390 = 77.6%; p = 0.98, c 2 test). We examined the spatial coordinates encoded by the place cells following the shift from the distal rule to the proximal rule. Similar to the procedure during the initial learning phase, cells were assigned to four categories according to the results of the correlation of their preferred spatial angles and maze orientation. The distribution of cells was quantified across the infusion days and compared between groups. Figure 4C depicts the distribution of cells in the CA1 of controls, according to their spatial coding scheme across the 5 days of training on the new (proximal) rule. Through training, these cells systematically shifted their distribution to conform to the new rule. These distributions were compared to day 1 0 , and they were found significant on days 3 0 -5 0 (c 3) = 17.37, p < 0.001, respectively). As the rats acquired the new rule, learning to search for reward according to proximal rather than distal coordinates, the proportion of distal cells decreased from 44% on day 1 0 to 25% on day 5
0 . This decrease was mirrored by an increase in the proportion of proximal cells, and a complete abolishment of unidentified cells. By stark contrast, local infusion of SCH23390 prevented rearrangement of the cells' coordinate system to follow the reward-relevant dimension ( Figure 4D ). Here, no significant differences were found between day 1 0 and the other days (c 2 (3) = 7.73, p = 0.052, N.S. for day 5 0 ). Nevertheless, the proportion of distal cells did show a decrease from 60% on day 1 0 to 34% on day 5 0 , and slight increases were apparent in the proportions of all other cell categories. Interestingly, in contrast to the control rats, SCH23390-infused animals showed a high proportion of unidentified cells, which did not show clear proximal or distal features. Comparing the distributions between the two groups of rats on each day revealed significant differences starting on day 3 (c Figures 5C and 5D) . Moreover, starting from the first day of the experiment, the sizes of place fields of cells of SCH23390 rats were significantly larger (442.6 ± 13.72 cm 2 ) than those of controls (308.5 ± 8.37 cm 2 ; p < 0.001). This difference was evident on all days ( Figure 5F ). In line with the smaller place field size, the spatial information content of spikes was significantly larger in control animals (1.21 bits per spike) than in drug-infused ones (1.44 bits per spike, Mann-Whitney test, U = 416, p < 0.001; Figure 5E ).
DISCUSSION
Our study aimed at identifying the role that dopamine release in the hippocampus plays during reward-based learning of spatial maps. We provide evidence that the spatial relationships that are encoded in hippocampal activity are those that are relevant to goal attainment and that local dopamine signals are critical to this process. We demonstrate that spatial rule acquisition is dependent on hippocampal D 1/5 receptors and that D 1/5 receptors in the CA1 are necessary for reorientation of the place cells to encode the coordinate system relevant to the reward collection rule.
To investigate how neural representations of reward-relevant spatial maps are formed, we made use of an appetitive learning task in a multi-well arena. In contrast to recent studies that used similar arenas to study memory for spatial locations in wellknown environments [25, 41] , we examined the formation of hippocampal maps corresponding to different rules by associating them to competing spatial coordinate frames [4, [42] [43] [44] , where at a given training phase only one set of cues uniquely determined reward location. In the distal phase, distal visual cues defined the coordinate system, within which a reward was allocated in a single fixed position and proximal cues were irrelevant; and in the proximal phase, distal cues were rendered irrelevant, and the proximal coordinate system was imperative to learning the reward location rule.
Previous studies have indicated that place cells rapidly remap as one environmental dimension gains significance for goal attainment [11] as well as for avoidance of aversive stimuli [45] . Our findings provide a unified account for such effects by showing that CA1 place cells dynamically shift to encode space according to the coordinate system that is relevant to the current goal-directed rule. Changing the rule from distal to proximal coordinate frames ensued place cell reorientation that was characterized by a marked decrease of distally coding cells and a parallel increase in newly relevant proximal coding cells (Figure 4) . Interestingly, the learning of both rules was also accompanied by a significant reduction in proportion of unidentified cells, suggesting that these cells may have been recruited during the course of learning to encode the reward-relevant dimension. The unidentified cells could encode some external or internal event that is confined in space, or they might be at a transition phase between proximal and distal cells, reminiscent of partial remapping [46] phenomena, where competing reference frames can be represented by different subsets of cells within the population at different times [11, 45, 47] . The relevance of spatial coordinate frames is governed by reward outcome statistics, a process that is mediated primarily by midbrain dopamine nuclei, providing a reward prediction error signal to the striatum and other forebrain regions [48, 49]. The information required for reorientation and representation of the reward-relevant coordinate system in the hippocampus could either be determined in the hippocampus following direct reward-related input or inherited from upstream structures, such as the prefrontal cortex. Our findings show that spatial rule learning, as well as the corresponding rearrangement of CA1 neural representation, is dependent upon local D 1 Rs (Figures 2 and 4) . The exact source of this dopaminergic input was not, however, addressed in the current experiment. One possibility is that dopamine was secreted by direct neuronal projections from the VTA [31] [32] [33] Either way, our data emphasize the crucial importance of local dopamine release in shaping the formation of goal-related spatial maps in the hippocampus. Accordingly, blocking of D 1 R in the CA1 led to severe impairments in spatial goal-directed behavior. Infused rats were impaired in their ability to adapt to the rule shift, as revealed by a marked increase in reward collection latencies (Figure 2 ), indicating that animals with local D 1 R receptor block did not properly acquire the new rule. Moreover, the D 1 R-blocked animals were not only impaired in learning the new rule, they continued in fact to abide by the old rule, even as their overall success rate increased ( Figure S1A ). This perseveration was mirrored by a sustained bias displayed in their CA1 neurons toward mapping according to the former, irrelevant rule ( Figure 4D ). While the control rats exhibited a gradual decline in the proportion of CA1 neurons that represented space according to the previously appropriate coordinate frame, which gradually shifted their representation to the currently relevant one ( Figure 4C) , most of the neurons of the D1R-blocked group encoded space according to the (no-longer-relevant) distal coordinate frame throughout the experiment.
It is interesting to note that the effect of the D 1/5 receptor antagonist on the rats that were trained on a shift from the proximal to the distal rule appeared more prominent than that of the opposite shift (compare Figures 2A, 2E , and 2F to Figures S2A, S2E, and S2F). This may be due to the differential innervation of proximal CA1 by afferent inputs from the medial entorhinal cortex (MEC) [57] , inputs that play a role in navigation using global cues [58] . This is in contrast to lateral entorhinal cortex (LEC) afferents to CA3 and distal CA1 that seem to be attuned to local cues for navigation [58] . The molecular layer of the CA1, corresponding to afferents from the MEC, shows an expression of D 1 Rs [59] . Our infusion was in the proximal CA1, which may have exerted a direct local effect on this pathway.
Importantly, although both drug and saline groups ultimately spent equivalent amounts of time in the new rule quadrant on the final days of the experiment (Figure 2E ), the D 1 R antagonist-infused animals were still significantly slower in reaching the reward (Figure 2A) . Thus, even after these animals acquired the global localization of reward in the maze, their representation of the reward location within the arena was not accurate enough to find its precise location. This behavior was accompanied by an apparent reduction in the quality of spatial encoding of their CA1 neurons ( Figure 5 ), which displayed larger place fields and correspondingly lower spatial information. Moreover, the peak firing rates of these neurons were higher compared to neurons recorded from the saline control animals. These physiological differences are in line with the localization of D 1 Rs on GABAergic interneurons in the dorsal CA1 [59] , in addition to the terminals of MEC projections, and they imply a role for the local dopamine surges in focusing the spatial responses of CA1 place cells.
Overall, our findings point to a dual critical role that dopamine in the CA1 plays in mapping and reorientation of goal-related hippocampal spatial representations. First, we show that once a map is formed, its quality is dopamine dependent. Without it, navigation is inefficient, perhaps due to the larger place field sizes. More importantly, on the longer learning timescale, it is required for stabilizing hippocampal network patterns that are consistently coactive with the dopaminergic inputs, thus creating a rule-appropriate cognitive map.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Genela Morris (gmorris@sci.haifa.ac.il).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Adult male Long Evans rats (age $60 days at the beginning of the experiment) were used for behavioral and electrophysiological experiments. The animals were housed separately and kept in a reverse 12h light/dark cycle. The rats were given food and water ad libitum before behavioral experiments. Throughout testing, rats were water restricted such that they maintained approximately 85% of their free-feeding weight. At the end of each recorded session the animals were allowed free access to water for 0.5 hour. All experiments were approved by the Institutional Animal Care Committee of Haifa University, and adequate measures were taken to minimize pain in accordance with the guidelines laid down by the European Union and the United States National Institutes of Health, regarding the care and the use of animals for experimental procedures.
METHOD DETAILS Apparatus
The maze consisted of a circular PVC arena (80cm diameter, 20cm walls) equipped with 100 small wells, which may be baited with 0.3 mL water reward in a hexagonal grid with 5.5 cm spacing. The maze was situated in a dimly illuminated room on a rotatable platform, elevated 1 m. Two sets of cues were used in this experiment: 3 visual cues were placed on the walls (distal cues: 2D black and white patterns) and 3 proximal cues located inside the maze (of different shape, material and color). The electrophysiological recording system and equipment experimental control were located in an adjacent room. A ceiling-mounted camera was used to track the rats' position.
Behavioral task
Our experimental procedure consisted of 10 daily trials of 180 s over the course of 10-15 days. In each trial, a rat was placed in the maze, head facing the wall in a pseudo-randomly selected position. Reward (water) was placed in one of the wells according to the reward configuration rule (see below, Figure 1C ). The rat was allowed 180 s to navigate the maze and consume the reward. After the end of a 3 minute trial, the rat was placed back in the home cage for a 60 s inter-trial-interval. Following each trial, the maze was pseudo-randomly rotated and a new reward was positioned for the following trial. To investigate the role of dopamine in the dynamics of spatial maps' formation, two different rewarding rules were used. In the distal configuration, the reward was placed in a constant position in room coordinates, and in the proximal rule, the reward followed the proximal cues' rotation. The latency to reach the reward location was recorded for analysis. Once the rats had acquired the first configuration rule (defined as a plateau in latency, which typically took between 4 and 6 days), we introduced a rule shift, and the animals were required to learn the new rule. Experimental design A total of n = 36 animals participated in the two reported experiments. N = 28 animals were implanted with tetrodes and injection cannulas (see below) and were trained on the distal to proximal version of the task. Upon completion of the initial training on the distal rule, three animals were removed from this group due to clogging of a cannula. The remaining 25 animals were divided randomly into two experimental conditions. One group (n = 13) received daily injections of SCH23390, and the other (n = 12) received injections of saline. A separate group of animals (n = 8) was implanted only with bilateral injection cannulas and were trained on the proximal to distal version of the task.
Electrodes and surgery
We recorded multiple single units and local field potentials simultaneously in dorsal CA1 of behaving rats. Rats were implanted prior beginning of the training with a guide cannula containing 4 tetrodes coupled to an injection cannula. Tetrodes were manufactured by twisting four 17 mm insulated platinum 10% iridium wires (California Fine Wire) and threaded through a thin-walled stainless steel cannula (23 Gauge). The wires were attached to an 18-pin connector (Omnetics). The guide cannula (28 Gauge) was then coupled to an injection cannula with heat-shrink tubing. A dummy cannula (33 Gauge) was inserted inside the injection cannula to prevent any infection. Every day after surgery, the dummy cannula was pulled out and put back in place to avoid clogging. The assembly was attached to an advanceable microdrive to minimize variability in the distance of recording electrodes from the injection site. The day before surgery and again immediately before surgery tetrodes were plated to match impedance between 0.15 and 0.30 mU at 1000 Hz. (platinum black solution, Neuralynx). Electrodes were implanted using standard stereotaxic procedures under isoflurane anesthesia as previously described [60] and received an antibiotic (amoxicillin, Pfizer, UK) and anti-inflammatory analgesia (Carprofen/Rimadyl, Pfizer, UK) subcutaneously. 4x4 tetrodes' microdrives attached to a guide cannula were implanted just above the right CA1 area of the hippocampus (AP À3.6 mm, ML À2.6mm and DV À1.6 mm from dura level) using a stereotaxic frame (David Kopf instruments, Tujunga, CA, USA). A guide cannula was implanted in the left CA1 with a 10 angle (AP À3.6 mm, ML +3.0mm ML and DV À1.5 mm, compared to dura) or two 4x4 tetrodes microdrive attached to a guide cannula were implanted above the left and/or right CA1 (AP À3.6 mm posterior, ML ± 3.6 mm and DV À1.6 mm compared to dura. The ground and reference wires were inserted through a hole drilled beneath the cerebellum behind the lambdoid suture in the right hemisphere or attached to a skull screw and secured with silver paint.
The drive assembly was anchored to the skull screws and bone surface using dental cement. The animals were then allowed to recover for 7 days before the first recording session. Electrodes were lowered slowly every day until electrophysiological identification of CA1 pyramidal layer. Electrodes were adjusted during the course of the experiments in order to optimize recording, so it was not assumed that a neuron recorded on one day was the same neuron during another session.
Single unit recording
Electrophysiological recordings were performed using a 32 channel recording system (Digital Lynx 4SX, Neuralynx, USA). 16 or 32 channels were high-pass filtered (300-6000Hz) for spike detection and 1 or 2 channel(s) were low-pass filtered (1-500Hz) to record LFPs. Recordings were performed with a flexible tether attached at one end to a commutator. The other end of the tether was connected to the rat microdrive. Two light-emitting diodes (LEDs) were placed on the tether for tracking the rats' position and head direction. A ceiling mounted camera was used to track the rat's position. Recordings were coupled with video tracking at 25 frames/sec (Neuralynx, USA).
Drug infusion
In order to examine the role of dopamine on the place cells remapping, rats received daily local injections of the D 1/5 receptor antagonist SCH23390 upon the shift to the new reward rule. Place cells were recorded throughout all the days of behavior (10-15 days).
Sham or experimental rats were infused bilaterally to the CA1 with 0.5 mL of saline vehicle or SCH23390 (5mg/ml, Sigma [38, 61] ), respectively through the injection cannula at a rate of 0.05 mL/min [40] . The injection cannula was left for 1 min after injection to allow adequate diffusion of the drug. Rats were placed in the maze to perform the first trial of the task 15 minutes after the end of the infusion. The slow infusion rate was necessary to minimize instability of the electrophysiological signal due to tissue displacement. To test whether we could maintain stable recording after the infusion, we performed a recording session prior to infusion with saline and cross-correlated the obtained spike waveforms with the waveforms 15 minutes after infusion. This procedure was conducted once for a rat infused with SCH23390, and once with a rat infused with saline ( Figure S3 ).
Histology
After the last experimental session, the rats were infused with Chicago Sky Blue through the infusion cannula and then decapitated. Brains were removed, frozen in isopentane and stored at À80 C before sectioning with cryostat (40mm) to assess the correct position of cannulae and electrodes. For electrode location in CA1, the slices encompassing the hippocampus were stained with Acetylcholine Iodide (Sigma). Sections were rinsed with acetate buffer 0.2M (pH5.9) and incubated for 4 hours in incubation solution (180ml acetate buffer 0.2M, 0.75 g glycin, 0.5g CuSO4, 0.02 g acetylcholine iodide). Then, the sections were revealed with ammonium sulfide (diluted 1:100 in acetate buffer 0.2M). Slices were rinsed and mounted on gelatin-coated slides, dried, dehydrated in gradated concentrations of ethanol, cleared in xylene, and coverslipped. The infusion sites were established by observing the marks left by the Chicago sky blue dot ( Figure 1B) .
QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral analysis
The maze was divided into four quadrants and the fraction of time spent in each was measured ( Figure 1A) . Two quadrants of interest were defined: the quadrant that contained the reward according to the new rule was defined as new rule and the quadrant that would have contained the reward according to the old rule as old rule (Cineplex Editor, Plexon, TX, USA). To quantify perseveration, we compared fraction of time spent in old rule out of time spent in all quadrants except new rule. This was compared to chance level which is 1/3. The analysis of time quantification in a specific quadrant of arena was done on the pre-reward time, and the time spent in the arena after the animal have found the reward was not included in this analysis.
Analysis of electrophysiological data
Spike sorting Spikes were sorted offline using a cluster analysis freeware coded in python (OpenElectrophys, [62] ). Hippocampal principal cells and interneurons were separated based on their autocorrelograms, waveforms and mean firing rates [63] [64] [65] . Firing properties of interneurons are not discussed in this work. Only neurons showing stable waveform and firing rate over the course of one session as well as a refractory period (assessed using standard I.S.I method) > 1 ms were kept for further analysis.
Spatial Firing Analysis
Neurons that fired at least 50 action potentials on each of the 10 trials were subjected to analysis of their firing fields. Firing rate maps were constructed for each trial by normalizing the number of spikes which occurred in each 2.5x2.5 cm 2 pixel by the total trial time spent in that coordinate and smoothing by 2D convolution with a 9 bin discrete Gaussian kernel. Only spikes that occurred when the rats were running at a velocity of at least 3 cm/sec were used for the analysis. The minimum occupancy in a bin was set to 100ms, and the minimum number of visit of a bin was set to 3. The firing rate for a given cell in each bin indicated the spike number divided by dwell-time in that bin. The firing rate maps were smoothed and presented in a color code. A place field was defined as a continuous region of at least 9 pixels of the open field where the firing rate was above 10% of the peak rate in the maze and the peak firing rate of the area was > 2 Hz, and the center of mass the field was defined as the position of the place field. Spatial coherence estimates smoothness of a place field, or the extent to which the firing rate in a pixel is predicted by the rates in its neighbors [66] . It was calculated by correlating the firing rate in each pixel with firing rates averaged with its neighboring 8 pixels. The spatial information content is a measure of the amount of information relative to the location of the animal conveyed by a single action potential emitted by a single place cell. It is expressed in bits per spike [67] and is calculated as follows:
Where l i is the mean firing rate in spatial bin i, l is the overall mean firing rate and P i is the occupancy probability of spatial bin i. Spatial information was calculated for each rate map (one for every trial) and averaged across trials of a single cell, and then across cells recorded on each training day. Spatial information for full recording days was also calculated in each reference frame (adjusted and non-adjusted) and reported in Supplementary information, Figure S2 . Synchronization between the firing rate of the selected neurons and the behavior of the animals was performed with Neuroexplorer and written python codes execute in Neuroexplorer (V4.091, Nex technology, Littleton, MA, USA). Classification of cells' spatial representation Cells were subsequently classified according to the reference frame in which they encoded space. For each cell in each trial we converted the position of the place field to polar coordinates with respect to the center of the arena, and defined this as the cell's place field angle. To determine whether a cell's firing across a recording session was consistent with representing space in distal coordinates, proximal coordinates, or neither, we analyzed the distribution of the place field angles of all spikes in two reference frames: when adjusted to the maze rotation, and not adjusted to the maze rotation. The place field angles of a distally coding cell should concentrate around a mean angle, regardless of maze orientation, and therefore have a non-adjusted resultant vector length close to a value of 1. When adjusted to maze rotation, its place field angles should be evenly distributed around the unit circle, and display an adjusted resultant vector length that is close to 0. Conversely, proximal cells should converge to a resultant adjusted vector length that is close to 1, and a non-adjusted resultant vector length that is close to 0. Cells that do not display a preferred place field angle in either reference frame are classified as unidentified cells. Classification was performed by testing the obtained vector lengths in both reference frames with the Rayleigh test for circular uniformity. Significance level for accepting significant directionality was set to a = 0.01. Finally, cells showing more than a single place fields were categorized as multiple.
Statistical analyses
Statistical analyses were performed with GraphPad Prism (version 6.00, GraphPad Software, San Diego CA, USA). Variables are presented as mean ± SEM unless stated otherwise.
Comparisons between behavioral parameters for the two experimental conditions (control versus drug) for each day were performed using a two-way ANOVA (condition 3 day) followed by a post-hoc Sidak's test (p < 0.05). To assess if animals spent more time in a specific quadrant, we compared the time spent in quadrants to the chance for each day with a one sample t test. For electrophysiological analysis, changes in the distribution of cells were analyzed with a Chi 2 test. Differences in firing rate, place and field size were assessed by a one-way ANOVA followed by a Tukey's HSD test. Differences in information content were assessed with the Kruskal-Wallis test. Significance level was set at a = 0.05 unless otherwise specified.
